We use the Schwinger-Dyson equations in the presence of a thermal bath, in order to study chiral symmetry breaking in a system of massless Dirac fermions interacting through pseudo quantum electrodynamics (PQED3), in (2+1) dimensions. We show that there is a critical temperature Tc, below which chiral symmetry is broken, and a corresponding mass gap is dynamically generated, provided the coupling is above a certain, temperature dependent, critical value αc. The ratio between the energy gap and the critical temperature for this model is estimated to be 2π. These results are confirmed by analytical and numerical investigations of the Schwinger-Dyson equation for the electron. In addition, we calculate the first finite-temperature corrections to the static Coulomb interaction. The relevance of this result in the realm of condensed matter systems, like graphene, is briefly discussed.
I. INTRODUCTION
Chirality is a physical quantity, carried by fermionic particles, which characterizes how these behave under a specular reflection. Chiral symmetry is the invariance under an operation relating different chiralities. It may be either discrete or continuous but, in any case, masslessness is usually a necessary condition for a system to be chiral symmetry invariant. Chiral symmetry is usually broken at a quantum level by radiative corrections, which are non-perturbative in the coupling constant.
A very convenient platform to investigate chiral symmetry breaking is the non-perturbative approach provided by the Schwinger-Dyson equations (SDE). This approach consists of a complicated system of integral equations relating exact Green's functions and vertex functions [1] . Nontrivial solutions of the SDE usually imply a dynamical mass generation for the matter field. The case of quantum electrodynamics in (3+1) dimensions (QED4) has been studied in Ref. [2] . For quantum electrodynamics in (2+1) dimensions (QED3), the chiralsymmetry breaking for massless Dirac fermions has been extensively studied, both at zero [1, [3] [4] [5] [6] and finite temperature [7] [8] [9] [10] .
Three-dimensional theories, such as QED3, have recently attracted much attention because these models are relevant for the theoretical description of some effects typically observed in condensed-matter systems. Examples range from high-T c superconductivity [1, 11] to graphene [12] [13] [14] [15] [16] . Graphene is particularly interesting because its linear tight-binding dispersion relation coincides with the one of massless Dirac particles. Furthermore, the system has particle-hole symmetry [17] .
However, even in two-dimensional materials the real photons propagate in (3+1) dimensions. This raises the question of how to describe the electromagnetic interactions of charged particles in (2+1) dimensions. This problem was studied in the Refs. [18] [19] [20] . After projecting the photons onto (2+1) dimensions, a non-local term emerges in the Maxwell Lagrangian, leading to the socalled pseudo quantum electrodynamics (PQED) [18, 21] , sometimes also referred to as reduced quantum electrodynamics [22, 23] .
It has been shown that PQED correctly describes the physical 1/r Coulomb interaction between static charges, contrarily to QED3 at tree level, which provides a logarithmic static interaction ln(e 2 r). The processes of canonical quantization of theories such as PQED may be found in the Refs [24] [25] [26] . There, it was shown that PQED respects causality. Furthermore, it has been shown that PQED respects the Huygens principle in (2+1) dimensions, unlike QED3 [27] . More recently, it has been also proved that this theory respects unitarity [28] .
In a previous publication, we investigated the occurrence of chiral-symmetry breaking in PQED at T=0 [16] . In this paper, we study the effect of temperature on the dynamical chiral-symmetry breaking in PQED coupled to massless Dirac fermions, by considering this theory in the presence of a thermal bath. At the classical level, the theory is chiral invariant due to the absence of a mass term for the fermions. We show that there exists a critical temperature T c , below which quantum effects produce dynamical breakdown of the chiral symmetry, with the associated generation of a mass gap. This occurs above a critical coupling α c (T ), which is temperature dependent and increases with temperature. The temperature, therefore, is an inhibitor of dynamical mass generation. We estimate the ratio between the mass gap and T c to be approximately 2π. All these results are then confirmed by numerical calculations. Finally, we evaluate the corrections to the static Coulomb potential of PQED, due to the finite temperature. For this purpose, we use the SDE for the gauge-field propagator, which involves the vacuum polarization. We find a logarithmic correction in the limit of short-range distance. For the long-range limit, the corrected interaction is proportional to the inverse of the third power of the distance.
The outline of this paper is the following: In Sec. II we review the Feynman rules for PQED, while in Sec. III we study the electron self-energy in PQED by using the SDE and the imaginary-time formalism or Matsubara frequencies. In Sec. III.A we prove that the sum over Matsubara frequencies is convergent for PQED; in Sec. III.B we use the zero-mode approximation in order to solve the SDE analytically, and in Sec. III.C we use the zero-externalmomentum approach in the mass function. We obtain the critical temperature, the critical coupling constant, and we also estimate the ratio between the energy gap and the critical temperature. Then, we discuss how to include more Matsubara frequencies in the calculations. In Sec. IV we calculate the corrections to the Coulomb potential in (2+1) dimensions due to the thermal bath. We also include two appendices, in the first one we compare our analytical results to the numerical solution of the full integral equation for the mass function, while in the second one, we discuss the approach about the wave function renormalization.
II. CHIRAL-SYMMETRY BREAKING IN PQED
AT T = 0
The Lagrangian of the PQED in Euclidean space-time and for massless Dirac fermions is given by [18] 
where is the d'Alembertian operator, e is the electric charge of the electron, F µν is the usual field intensity tensor of the U(1) gauge field A µ , the pseudo electromagnetic field, ψ is a four-component Dirac field, and γ µ are rank-4 Dirac matrices.
The Feynman rules, at zero temperature, imply that the gauge-field propagator reads [16] ∆ 0µν (p) = 1
in the Landau gauge and that the inverse of the fermion propagator is
Recently, the authors in Ref. [16] investigated chiral symmetry breaking in PQED at zero temperature using the quenched-and the unquenched-rainbow approaches to solve the SDE ( see Ref. [1] for a insightful review about the SDE). In the quenched-rainbow approach, the vacuum polarization is neglected, whereas in the unquenched one it is considered. Within the first approach, chiral-symmetry breaking only occurs if α > α c , whereas for the second, a value for the critical number of fermions assets given by N c (α) was obtained. In this case, chiral symmetry breaking only occurs if N f < N c (α). Furthermore, it has been shown that the model has intrinsic characteristics of both, QED4 (renormalizable theory) and QED3. Specially, for QED3 the critical number of active fermions is reobtained from PQED in the strong coupling limit, i.e, N c (α → ∞) = N QED3 c = 32/π 2 . For QED3 this value was first obtained in Ref. [3] .
III. QUENCHED-RAINBOW APPROXIMATION AT FINITE TEMPERATURES
The chiral-symmetry breaking in QED4 at finite temperatures was obtained from non-trivial analytical solutions for the mass function Σ(p), which only appear below a certain critical temperature T c , estimated using the zero mode of the Matsubara frequencies [7] . Above the critical temperature, the chiral symmetry is restored and therefore Σ(p, T ≥ T c ) → 0. It has been also shown that the integral equation for the mass function in QED4 accounting for temperature effects is the same as in QED3 by taking T = 0 and using a dimensional coupling constant γ = e 2 T /(4π) = αT , fixed at the limit T → 0. In addition, this analytical approach for QED4 has been also confirmed by a numerical solution of the full Schwinger-Dyson equation for the mass function [7] . However, the same set of approximations is not applicable to QED3 because there are infrared divergences in the electron self-energy if the vacuum polarization is not taken into account.
Due to the similarities between PQED and QED4, here we use the same set of approaches proposed in Ref. [7] , and as expected, no infrared divergence is observed in the SDE. The full electron propagator then reads
where the electron self-energy Ξ(p) is given by
with Γ ν (k, p) denoting the full vertex function. In the lowest order, we consider Γ ν (k, p) = γ ν , which is called rainbow approach. Furthermore, we use only the free gauge-field propagator. This assumption is called quenched approach. Both approximations are motivated because of perturbation theory, which establishes
The full fermion propagator is written as [1] [2] [3] [4] S −1
where A(p) is the wavefunction renormalization and Σ(p) is the mass function. To obtain Σ(p) we use Eq. (6) in Eq. (4) and calculate the trace over the Dirac matrices. The corresponding result for zero temperature is [16] Σ(p) = 4πα
with α = e 2 /4π denoting the coupling constant. To obtain A(p), we multiply Eq. (4) by the Dirac matrices and calculate the trace over them. The result for zero temperature is [16] 
where
and
It has been shown that A(p) ≈ 1 for zero temperature. Therefore, if A(p) = 1, Σ(p) fully describes the electron self-energy Ξ(p) [16] . In appendix B, we show that this result also holds for finite temperatures. Therefore, from now on we consider A(T, p) = 1.
Eq. (7) is very similar to Eq. (14) in Ref. [16] . However, there is a different coefficient in the mass function due to a constant factor in the gauge-field propagator. Although this will change the critical behavior of the theory, one verifies that the correct factor in Eq. (2) should be 1/2 in order to obtain the precise Coulomb interaction between charges in the plane. Indeed, the critical coupling constant for the onset of chiral-symmetry breaking in Eq. (7) is α c = π/8 ≈ 0.40 for T = 0. We rewrite Eq. (7) as two integrals, one for the energy component and another for the two-dimensional momentum components,
Next, we introduce the effects of temperature through the Matsubara frequencies in the temporal component. For this purpose, we must replace
, where ω n and ω m are the Matsubara frequencies for fermions, given by ω n = (2n + 1)πT and ω m = (2m + 1)πT , with n and m integers [29] . The integral over k 0 becomes a sum in n by replac-
This is the integral equation for the mass function in PQED3 at finite temperatures when considering the sum over all Matsubara frequencies in the quenched-rainbow approach. We have an additional complication with respect to the zero temperature case, which is the dependence of the Σ m (p) function on the Matsubara frequencies ω m . We will assume that the mass function is independent of ω m , and therefore consider m = 0. This also implies that Σ(k) does not participate on the sum over n.
A. Convergence of the Sum Over Matsubara Frequencies in PQED
In QED4, the sum over all Matsubara frequencies present in the integral equation for the mass function Σ(p, T ) is calculated by standard methods [7] . However, for PQED it is not simple to obtain the solution of the complete series. First, we need to analyze its convergence. Starting from Eq. (12), we see that the sum over n can be expressed as a sum U , given by
Note that the terms of the sum are all positive, since A 2 , B 2 > 0. Furthermore, we can write U = 2
is a convergent sum, then U will be too.
Next, we define another independent sum V , which is
where V is convergent and has a known result. Furthermore, we have that v n and u
Therefore, we can use the comparison test of series [30] , which establishes that if V is convergent, then
is necessarily convergent, which implies that U is also convergent, completing our proof. Furthermore, we have u 0 > u n , for any n.
From now on, we will not write time components anymore, hence it is needless to use bold in the momentum components. This allows us to simplify the notation, Σ 0 (p, T ) ≡ Σ(p). By calculating the angular integration of Eq. (12), we find for m = 0
where I is given by
with K(x n ) denoting the elliptic function. For
, with x n given by
Next, we propose an approximation to the sum U , in order to obtain an analytical solution to Σ(p). The zeromode approximation, i.e, U ≈ u 0 has been used for QED4 in Ref. [7] and is also valid for the PQED.
B. Zero-Mode Approximation
For low temperatures, the sum over n in Eq. (17) is approximately given by the term u 0 . Therefore, by taking n = 0 in Eq. (16), we find
where γ = αT is a dimensional coupling constant. This condition is necessary to study the dynamical mass generation in the case of a nonzero critical temperature T c . However, one may always return to the coupling constant and consider it in the context of a finite critical coupling constant α c (T ) at finite temperatures. The symmetry is fully restored if T c = 0 or α c (T ) → ∞. Note that both interpretations are equivalent, in the sense that at very low temperatures, interaction effects become more relevant.
Next, we divide Eq. (19) into two parts, the infrared part k < p and the ultraviolet part k > p. Furthermore, we include a ultraviolet "cutoff" Λ (bear in mind that we may return to the continuum limit Λ = ∞ at any time in the calculations). However, for comparison with lattice field theory, it is interesting to keep the cutoff finite. Using these approaches in the elliptic function, we obtain
Therefore, Eq.(19) becomes
We can neglect the nonlinear term and approximate
As argued earlier in the literature, this approximation does not change significantly the critical behavior of the theory [5] . (21) . This infrared cutoff is identified as the critical temperature for chiral symmetry breaking [7] . Thereby, by taking the first derivative of the above expression, we have dΣ(p) dp
which can be converted to a second-order differential equation given by d dp p 2 dΣ(p) dp
with infrared and ultraviolet boundary conditions given, respectively, by lim p→πTc p 2 dΣ(p) dp = 0
The solution of the differential Eq. (23) is
where J 1 (x) and Y 1 (x) are the Bessel functions of first and second kind, respectively. 
where ξ = 8γ/πT c . Eq. (27) has a set of nontrivial solutions {ξ n } = {ξ 0 , ξ 1 , ...}, where ξ n < ξ n+1 for any n. The minimal value ξ 0 is chosen to define the critical temperature T c ,
Using 26. This result shows that even for low temperatures the critical coupling constant is much larger than in the case of zero temperature α c (T = 0) = π/8 ≈ 0.40 [16] .
For an arbitrary value of γ, it can be verified by numerical tests that the full integral equation, given by Eq. (19), obeys Σ(p, T ≥ T c ) → 0. Therefore, a nontrivial solution for Σ(p) requires a nontrivial value for T c .
The approach of this section has provided an analytical solution for the mass function Σ(p, T ), as well as an estimative for T c . Unfortunately, from the analytical solution, it is not clear that Σ(p, T = T c ) → 0. In order to confirm the phase transition at T c and α c (T ), in the next section, we will recalculate the mass function, but at zero external momentum.
C. Zero-External-Momentum Approximation
In this section, we will take zero external momentum in Eq. (19), i.e, Σ(p, T ) ≈ Σ(0, T ) = m(T ). At zero momentum, the mass function is the pole of the fermion propagator, therefore 2 m(T ) is the energy gap between positive and negative energies. It has been argued that the mass function reaches its maximum value exactly at p → 0 [5, 16] . Therefore, if m(T ) = 0 we immediately conclude that chiral-symmetry breaking will occur. By using this approach into Eq. (19), we have
Eq. (29) can be transformed into a transcendental equation for m(T ), given by
In order to obtain an analytical solution for m(T ), we expand the right-hand side (rhs) of Eq. (30) for Λ > m(T ) 2 + π 2 T 2 . This is a reasonable assumption, since we are in the low-temperature regime and the generated mass is expected to be much smaller than the ultraviolet cutoff. We perform a Taylor expansion until second order, tan −1 (x) ≈ π/2 − 1/x + O(x −2 ) if x > 1, and we find two possible solutions
From now on, let us admit that m(T ) > 0. Next, we return γ → αT , to obtain the critical coupling constant
Eq. (32) allows us to estimate an interval for α c (T ). Let us choose T = 0.3Λ as an upper bound, because T /Λ ≪ 1. In this case, α c (T = 0) < α c < α c (T = 0.3Λ), i.e, 1.0 < α c < 2.5. For the particular value T = 0.5Λ the chiral symmetry is completely restored. However, it is clear that the high-temperature limit T ≈ Λ → ∞ is not allowed within this approach.
We now connect T c with the mass function at zero temperature, using Eq. (31). For T = 0, we obtain T c ≈ m(0)/π. Thus, it is possible to calculate the ratio R between the energy gap 2 m(0) and T c , given by R = 2π. For QED3, the authors in Ref. [19] calculated this ratio and obtained R QED3 = 9.36 for one copy of the Dirac field.
Eq. (31) shows that the chiral-symmetry breaking in PQED at finite temperatures is a second-order phase transition, with critical exponent equal to 1/2.
The zero external-momentum approximation is an ideal approach to include the sum over Matsubara frequencies in Eq. (16). Indeed, in this limit we have
We can find numerical solutions to m(T ) by using Eq. (33), thereby verifying that the zero-mode approximation is in good agreement with the SDE for all Matsubara frequencies. This concludes our investigation of chiral-symmetry breaking within the quenched-rainbow approach. The general important points to be retained are: (i) The quenched-rainbow approach provides reasonable physical solutions for the mass function in PQED, similarly to QED4 and quite differently from QED3; (ii) Nontrivial solutions have been found for T < T c ; (iii) T c is estimated from the energy gap at zero temperature; and (iv) The zero-mode approximation is found to be in agreement with the sum over all Matsubara frequencies.
We have assumed that Σ(p, T > T c ) → 0 based on the fact that systems at high temperatures naturally are less prone to quantum effects. Then, no chiral symmetry breaking should be observed. However, for the sake of completeness, we will briefly discuss how to obtain explicitly this trivial solution. From the integral Eq. (19), we must use
, a realistic assumption for high temperatures. Then, by using the expansion in Eq. (20), we find the differential equation d dp p 2 dΣ(p) dp = 0,
the general solution of which is
Note that C 4 = 0, since Σ(p → ∞) = 0, and C 3 = 0 because Σ(p → 0) must be finite. In this limit, T is no longer an infrared cutoff, and Σ(p, T ) = 0.
IV. STATIC INTERACTIONS BETWEEN MASSLESS DIRAC PARTICLES AT T = 0 IN THE PQED APPROACH
In this section, we recalculate the static interaction between charges in the plane, in order to clarify the physical interpretation of the electromagnetic interaction in the plane at finite temperatures. For this purpose, we must include the corrections of the vacuum polarization to the gauge-field propagator.
From Eq. (2), we obtain the static gauge-field propagator, given by
It has been shown [18] that this propagator reproduces the Coulomb interactions for static charges in the plane. The static vacuum polarization at finite temperatures has been calculated in the Ref. [19] , and for massless Dirac particles it is given by
Let us now to consider the high-temperature limit p → 0 in Eq. (38); then f (p → 0, T ) = ln 2. The corrected propagator reads
leading to∆
The static interaction V (r) is obtained from a Fourier transformation of Eq. (40),
The angular integral in Eq. (42) is performed, yielding V (r) = e 2 ∞ 0 dp 2π
where J 0 (pr) is the Bessel function and p = p 2 . By defining z ≡ 2p + M 2 (T ) and changing the integration variable into z, we obtain, after some algebra, that Eq. (43) may be rewritten as 
10
−5 /T m, with T in Kelvin and f = 1/300. At room temperature T = 300 K, we find r 0 ≈ 10 nm, which is much larger than the atomic scale. This value is smaller when f is less than 1/300.
There is a parallel between the static interaction in PQED at finite temperatures and QED3 at zero temperature. Indeed, starting from the screened static gaugefield propagator in QED3, obtained from the respective SDE, it has been shown that at large r the static electronelectron interaction is given by V (r) ∝ ln(e 2 r) + h(r), where h(r) ∝ 1/r + O(1/r 2 ) [33] . Therefore, the results are similar to PQED. However, for QED3 the Coulomb potential is the correction to the confining potential and the term which breaks scale invariance is the dimensional electric charge, instead of the temperature as in PQED. For finite temperatures, the static potential of QED3 behaves like V (r) ∝ 1/ M (T )r exp(−M (T )r) [19] , which is quite different from the corresponding result for PQED in Eq. (49).
V. DISCUSSION
In this paper, we show that the inclusion of finitetemperature effects into the SDE leads to a critical parameter T c for the onset of dynamical mass generation. Moreover, at high temperatures the chiral symmetry is restored. The finite temperature also increases the value of the critical coupling constant; for low temperatures, we estimate that 1.0 < α c (T ) < 2.5, which are large values compared to the equivalent zero-temperature result α c (T = 0) = π/8 ≈ 0.40. Our analytical findings were verified by performing numerical tests. We estimate the ratio between the energy gap and the critical temperature for PQED to be R = 2π. Furthermore, we show that the Coulomb potential between static charges in the plane is corrected by a logarithmic potential proportional to M 2 (T ) ∝ αT , where α = e 2 /(4π) for the short-range limit, while a third-power potential emerges in the longrange limit. A deeper investigation of the ground state generated by this interaction may bring interesting physical results.
For graphene, the investigation of chiral symmetry breaking in (2+1) dimensional theories is an important topic, since this effect has been related to a dynamical gap generation, which can be relevant to describe electronic transport in this system. It has been argued that this gap energy leads to important technological applications for graphene, such as a graphene transistors [34] . PQED at T = 0 admits gap generation, but only above a critical coupling constant. Although our results include finite temperatures, and thus are more realistic because any measurement of the gap is done at T = 0, we are considering v F = c. The inclusion of still more physical parameters to study chiral symmetry breaking in PQED may lead to results closer to the experimental findings in graphene. It may as well bring a deeper understanding of how to control this energy gap. These parameters, among others, should be: the Fermi velocity v F , finite temperature T , magnetic field B, and chemical potential µ. A recent experimental measurement at low magnetic fields has determined an upper limit of 0.1 meV for a possible gap in suspended monolayer graphene [35] .
According to the Coleman theorem, there is no Goldstone boson in (1+1) dimensions, i.e, no spontaneous (continuos) symmetry breaking may occur [36] [37] [38] . Because of this theorem, one may conclude that there is no ferromagnetism or antiferromagnetism in the Heisenberg model in one or two dimensions [37] . For (2+1) dimensional theories at finite temperatures, the theorem also applies due to the loop integrals, which behave effectively in (1+1) dimensions [19] . This is observed for the case of PQED in Eq. (12) . Therefore, there is no continuous chiral-symmetry breaking from the very beginning and the dynamically generated mass instead breaks the discrete chiral symmetry. For the case of the continuous chiral symmetry, the dynamical mass generation could be related to the Kosterlitz-Thouless mechanism [39] , as has been discussed for the Gross-Neveu model in (2+1) dimensions at finite temperatures [40] . Because of the Kosterlitz-Thouless mechanism, no continuous symmetry is broken, even in the massive phase, thus avoiding any possible disagreement with the Coleman theorem [40] .
The non-local approach of PQED has been applied to the study of superconductivity in (2+1) dimensions in the view point of the Kosterlitz-Thouless mechanism [20] . In this case, because of the coupling constant between the matter and the bosonic excitation (lattice effect), it has been shown that the gauge-field propagator has finite mass, thus finite penetration depth, which may lead to an effective description of the Meissner effect in superconductors. Furthermore, we have obtained the ratio R between the energy gap and the critical temperature for the matter field, which is almost twice the value obtained from the BCS theory for superconductivity. We shall ex-plore elsewhere the possible relation between dynamical mass generation, Kosterlitz-Thouless mechanism, and superconductivity [20] . 
VII. APPENDIX A: NUMERICAL RESULTS FOR THE MASS FUNCTION
In this appendix, we perform some numerical tests to verify the validity of the analytical approaches adopted in this paper. For simplicity, we will begin by studying Eq. (30) and its analytical solution, Eq. (31), in which for Λ large, we obtained T c = γ. In Fig. 2 , we plot the numerical results for Λ = 10 and γ = 1/(8π) with dots, and the analytical result as a solid line. Numerical solutions are found by looking for roots of the transcendental equation (30) . A very good agreement is observed. Note that both solutions vanish almost at the same point T c = 0.04 in units of Λ/10 (u.Λ). Next, we investigated the influence of all Matsubara frequencies for the mass function. After calculating the integral over the momentum k in Eq. (33), we find The roots of F (m(T )) = 0 yield the mass function m(T ) for a given value of T . We estimate the critical temperature by imposing that for T = T c the mass vanishes, m(T = T c ) = 0. Thus, we obtain a critical temperature T c = 0.10 u.Λ. This result shows that from the very simple zero-mode approach is already enough to provide an estimate of T c in units of Λ. However, a more accurate result is expected when one includes all the Matsubara frequencies. To investigate this more complicated case, we include an effective limit to the Matsubara frequencies, n ∈ [−l o , +l 0 ] with l 0 = 10. It is possible to show that for any number large than l 0 , the function F (m(T )) remains nearly the same. Indeed, as we demonstrated, the sum over n is convergent, therefore we expect that u n = 0 if n → ∞.
For non-zero external momentum, we can compare the analytical solution in Eq. (26) to the numerical solutions of the nonlinear integral Eq. (19) . For this purpose, we have to choose a value for the arbitrary constant A in the analytical solution. For temperatures larger than T c = 0.44γ = 0.018 u.Λ for γ = 1/(8π) u.Λ, the mass function given by the nonlinear integral equation vanishes, as expected from the analytical solution. Therefore, Fig. 3 shows that the analytical solution found earlier is in very good agreement with the nonlinear integral equation.
VIII. APPENDIX B: THE RENORMALIZATION FUNCTION A(p)
In this appendix, we show that A(T, p) = 1 is also a suitable approach for finite temperatures. This approach has been discussed for QED3 at zero temperature in Ref. [5] , while for PQED it has been verified in Ref. [16] . After introducing the Matsubara frequencies in Eq. (8) as in Sec. III, we obtain
wherep = (πT, p),k = ((2n + 1)πT, k), andq = (−2nπT, q). We assume m = 0 because A(p) = A(T, p) should be independent on Matsubara frequencies. For simplicity, let us consider p 2 ≡ p and p.k = pk cos θ.
The angular integral may be solved analytically, and after some simplifications we obtain
where E(x) = π/2−(π/8)x+... for |x| < 1 is the complete elliptic integral,
Next, we obtain the integral equation for A(p) with a kernel only dependent on the internal-momentum integral,
As expected, A(T, p) = 1 + O(α), which indicates the accuracy of the approximation A(p) ≈ 1 [5] . Beyond this argument, we need to look for a numerical solution of Eq. (58) for Σ(k, T ) = 0 (the symmetric phase), as in Fig. 3 . Note that, since Σ(k, T ) ∝ α, we should not consider Σ(k, T ) = 0 in order to solve the integral equation for A(T, p) because these new terms are of order α 2 . This symmetric phase for A(T = 0, p) has been also discussed in the context of QED3 [5] .
In order to obtain the results in Fig. 1 and Fig. 3 , we converted the momentum-dependent kernel in Eq. (19) and Eq. (58) into a system of nonlinear algebraic equations by using the repeated trapezoidal quadrature rule, as has been successfully done for PQED at T = 0 [16] . The fundamental step is to replace the continuum variables p and k into a set of discrete variables x i and y i , with 10 −3 < x i , y i < Λ = 10. In this interval, we obtained a set of M = 300 solutions for the mass function Σ i (x i ), which implies in a separation h = (10 − 10 −3 )/(300 − 1) ≈ 0.033 between the discrete variables. For T = 0, the temperature is only a new parameter inside the kernel of the nonlinear integral equations. More details about the numerical procedures may be found in Ref. [16] for PQED at T = 0, in Ref. [5] for QED3 at T = 0, and in Ref. [7] for QED4 at T = 0.
